The minimal H O values required for cyclohexene, a-methylstyrene, styrene, 2,4-diphenyl-4-methyl-1-pentene, 4-phenyl-1-butene, tert-butylbenzene and cumene to undergo the chosen test reactions over solid acids at 303 K have been established. The chosen reactions and the respective H O min values obtained are as follows: a-methylstyrene and styrene oligomerization (-3.3 and -5.3), 2,4-diphenyl-4-methyl-1-pentene and 4-phenyl-1-butene oligomerization and isomerization (-6.9 and -7.9), cyclohexene oligomerization (-7.8), tert-butylbenzene disproportionation (-10.8) and cumene disproportionation (-11.5). The above mentioned test reactions were used to study the acid strength of different solid acids. 
Introduction
The acidic properties of solid acids such as silica-aluminas, zeolites, heteropolyacids or sulfated oxides have always been the subject of numerous studies [1] [2] [3] . However, their acid strength values, which determine their catalytic activity, are either difficult to find in the literature, or presented as rough estimates. There are difficulties encountered in the measurement of the acid strength of solids because they have been generally performed using various, basing on different foundations techniques. The most important are Hammett indicator adsorption, measurements of heat of adsorption/desorption of probe molecules, NMR measurements of the chemical shift of protons of surface hydroxyls or selected atoms in adsorbed probe molecules and the use of test reactions. None of these methods has a universal character and each one has its constraints.
Direct H O measurements. Indicator adsorption
The indicator adsorption method utilizes bases of known pK BH? constant value, which change color on protonation. A visual observation of such change leads to the conclusion that the acid strength of the surface center is H O B pK BH? [1] . Spectroscopic methods (NMR [4] , IR [5] , UV [6, 7] ) are sometimes used to validate proton-indicator interaction. Direct measurements based on the adsorption of Hammett indicators could be misleading because indicator-surface interactions differ from protonation [8, 9] since the equilibrium:
(B denotes Hammett indicator base), which is the basis of the H O scale can be affected by B and BH ? adsorption on Lewis acid sites and basic centers, respectively. Hall et al. [10] proposed taking into consideration another more general equilibrium i.e.
This includes the reaction of indicator with an acid (dissociation equilibrium constant K). Such a modification leads to a new equation for H O H O ¼ pK BHþ À log ðHAÞ ðA À Þ À logK ð3Þ
Since the equilibrium constant K and (HA)/(A -) ratio are not known, then H O become too complicated to calculate in comparison with the simple formula H O = pK BH? [1] . Then the authors conclude that it is more reliable to compare the acid strength of solids experimentally with that of acid solutions like H 2 SO 4 -H 2 O or HSO 3 H-SbF 5 rather than use the H O function values obtained from indicator adsorption experiments. For these reasons, the application of correlation of cumene dealkylation results [11] and energy of Ar desorption [12] with H O values based on indicator adsorption measurements should be used with care.
Katada et al. [13] proposed to treat ammonia as a Hammett indicator and they developed a formula relating H O with the heat of ammonia adsorption (DH O ):
The DH O value (160 kJ mol -1
) obtained experimentally for sulfated zirconia (SZ) indicated on acid strength close to -12 H O units. In the subsequent work, Katada et al. [14] improved the TPD profile analysis and showed that single ammonia desorption peak could be deconvoluted into a set of peaks from which some of them were characterized by DH O [ 160 kJ mol -1 . This finding allowed the classification of SZ as a superacid (H O \ -12).
Indirect H O measurements
Hall et al. [10] proposed to estimate H O value for solid acids using indirect methods. They are based on an observation that in H 2 SO 4 -H 2 O solutions, the position of UV absorption band of an indicator (4-nitrotoluene, 4-nitrofluorobenzene) depends on the acid strength of the solution. The obtained correlation-band shift/H O allowed the estimation of acid strength of several solid acids like different zeolites and silicaaluminas [10] . Lavalley et al. [15] 13 CNMR measurements of mesitil oxide molecule interaction with acids allowed Haw et al. [18] to compare the acid strength of zeolites with that of mineral acids and superacids. The Hall correlation [10] has been also used by Fraenkel et al. [19] to link acid strength of acid catalysts with the results of isobutane isomerization at strictly defined condition. For this reaction, the following formula for acid strength was developed:
Here E a and T 1/2 are the apparent activation energy and temperature at 0.5 % of isobutane conversion. The method was verified with the use of some reported data for acids such as: H 2 SO 4 (98.1 wt%), FSO 3 H or HF-SbF 5 and then applied for a set of zeolites: HM, HZSM-5 and HY as well as SZ. The values of acid strength (H O ) of acid solutions were estimated at -10.5, -15.07 and -26, while the results were as follows for solid acids: HM -13.7, HZSM-5 -10, HY -9 and SZ -18.5. It seems that the obtained results overestimated the acid strengths of zeolites, which, according to Haw [20] , did not exceed -7.46 H O units.
Other methods for acid strength determination
The measurements presented above allowed to express the acid strength of solids using the H O scale. However, there are different methods that permit to rank acids according to less objective scales. For example, the heat effects which accompany the interaction of probe molecules with surface sites have been applied for acid strength approximation. Microcalorimetry [21] , TPD [22] , adsorption [23] or calorimetric titration [24, 25] have been commonly used. The initial heat of ammonia adsorption at 423 K [21, 26] , activation energy of ammonia desorption [16] and differential heat of ammonia adsorption [22] can be applied in the classification of solids, especially zeolites, with respect to their acid strength:
The numbers in parentheses denote zeolite exchange level.
The comparison of acid strength of other solids is difficult since, for example, the heat of ammonia adsorption on V 2 O 5 -ZrO 2 and V 2 O 5 -ZrO 2 /SO 4 2-were found to be 204 and 210 kJ mol -1 , respectively [27] . It is therefore evident that carrier sulfonation increased acid strength, but both values are close or higher than that observed for the most acidic zeolite (mazzite 190-200 kJ mol -1 ) [26] . The values of the heat of adsorption of two very different probe molecules like argon [23] and pyridine [24] have also been used as a measure of acid strength:
These results also do not provide a unanimous answer regarding the acid strength especially for SZ and zeolites.
Recently, NMR measurements of the chemical shifts of protons of surface hydroxyls [28] or selected atoms in adsorbed probe molecules such as a,bunsaturated ketones [29] , acetonitrile [30] or trimethylphosphine oxide [31] have been considered to be the most reliable method. The adsorption of acetone gave numerous results of acid strength of solids. The basis of these measurements is the correlation of d 13 C chemical shifts with calculated deprotonation energy of acid sites [32] . Some results are presented below [20, 32, 33] [9] reported, in the case of acetone applied as probe molecule, that the acid strength of HZSM-5 was in the proximity of that of 70 % H 2 SO 4 (H O = -5.8) and higher than the values for HY and HX zeolites as well as SZ. Moreover, the observed 13 C chemical shift value for adsorbed acetone is a mean of the values of adsorption on several acid sites of varying acid strengths. On the other hand, the application of trimethylphosphine oxide as a more selective probe molecule enables the observation of chemical shifts occurring as a result of its adsorption on particular sites of different acid strength. These results revealed that 5 % of the population of HZSM-5 acid centers are of superacidic character [31] .
The use of triethylphosphine oxide as a probe molecule allows to express the acid strengths of solids not only as a chemical shift of 31 PNMR band but also in Gutmann Acceptor Numbers (AN) scale [34] . This method has been used to compare acid strength of silica, alumina and silica-aluminas with different acid solutions [35] .
The application of different methods such as TPD [36] , ammonia adsorption measurements [37] as well as the use of isobutane as a test reactant [19] to one solid acid i.e. ZrO 2 /SO 4 2-allow to state that the acid strength is in the range of -19 \ H O \ -18 while the results obtained using NMR technique [38, 39] , indicate that the acid strength was considerably lower than that of sulfuric acid (H O = -12). Such discrepancies emphasize the need for a simple, accurate and synonymous method for estimation of the acid strength of solids.
Test reaction method of acid strength measurements
We hereby propose a method for the determination of the acid strength of catalysts (H O ) by the application of specific chemical reactions. The catalytic activity of an acid solution can be presented as follows:
Here S and P stand for the substrate and the product, respectively. Bunnett and Olsen [39] proposed that for such a reaction, the rate constant (k) depends on catalyst acid strength (H O ):
Here k o is the value of the rate constant k extrapolated to diluted solutions, for which the expression: H O ? log[H ? ] is equal to zero. By using the equation above to solve the first order rate equation for a batch reactor system, the conversion (x) can be expressed as a function of H O in the formula:
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Here A and s are a constant derived from substrate proton affinity and the reaction time, respectively.
It can be seen ( Fig. 1 ) that the reaction proceeds at catalyst sites of varying acid strength depending on proton affinity (basicity) of the substrate. Thus, adequate reaction substrates of specific proton affinity could serve as acid strength indicators.
A similar idea was presented by Deng et al. [32] . They studied a correlation between protonation reaction of different alkenes such as propene, isobutene, styrene and a-methylstyrene and the acid strengths of the zeolites. The performed model calculations indicated that depending on the zeolite deprotonation energy (an acid strength measure) the alkenes can be transferred into cations according to their proton affinities. It was concluded that the stronger the basicity of the hydrocarbon, the weaker the acidity of the acid site is required to form stable carbenium ion, which can be considered as true reaction intermediates. This means that if the observed conversion in the test reaction exceeds an arbitrary level indicating that the reaction actually takes place, it can be concluded that the catalyst possesses active centers of acid strength equal or higher of that which is necessary for the reaction to proceed.
There is little information in the literature on the application of such test reactions. Venkatesh et al. [40] used diphenylmethane transformation as test reaction. It was initially observed that the reaction proceeded only if the catalyst acid strength exceeded H O \ -12, so this was further applied to study the acid strength of sulfated ZrO 2 , TiO 2 and Fe 2 O 3 . All the studied catalysts were able to initiate diphenylmethane transformation and were classified as superacids. In our previous works [41] [42] [43] [44] , the acid properties of sulfated titania and alumina as well as sodium and chromium doped silica-aluminas and alumina were studied. A (1) and low (2) proton affinity semiquantitative test reaction method was applied since the minimal acid strength required for the reactions to proceed was not measured, but taken from the literature.
In most works, however, test reactions have been used to classify acid centers only as strong, medium or a weak. Guisnet [45] proposed to use the following reactions for acid strength characterization from weak to strong: 3,3-dimethyl-1-butene isomerization (473 K), 2,2,4-timethylpentane cracking (623 K), 2,4-dimethylpentane isomerization/cracking (623 K), 2-methylpentane isomerization/ cracking (673 K) and hexane isomerization/cracking (673 K). Such reaction sequence was based on experiments were USHY zeolite with different acid sites poisoned with pyridine was used as a catalyst. Hernandez-Beltran et al. used 4-methylpentane-2-ol transformations at 373-403 K to study the acid properties of sulfated aluminas [46] . The different reaction products obtained indicate the existence of acid sites of varying strength: weak (4-methyl-1-pentene), medium (cis/trans 4-methyl-2-pentene), strong (2-methyl-2-pentene and 2-methyl-1-pentene) and very strong (2,3-and 2,2-dimethylbutenes). The relationship between the acid strength of active centers and the specific reaction products was proposed on the basis of the analysis of reaction mechanism. There are more examples of the application of similar test reactions in the review by Lercher et al. [2] .
The aim of this work is to experimentally correlate specific test reactions with the acid strength, expressed in H O scale, required for their initiation. For this purpose, a simple experimental procedure that enables the performance of the test reactions in similar conditions both in the presence of acid solutions of known acid strength (calibration step) and over solid catalysts (measurement step) has been developed.
Alkenylaromatics (a-methylstyrene, styrene, 2,4-diphenyl-4-methyl-1-pentene, 4-phenyl-1-butene), alkene (cyclohexene) and alkylaromatics (cumene and tertbutylbenzene) were chosen as reaction substrates. These compounds formed carbenium ions over acids of suitable strength [47] [48] [49] , which were intermediates of further transformations [1] . The reported reaction conditions (Table 1) indicate that acid solutions of low acid strength (H O = -2.2) at elevated temperature can catalyze only a-methylstyrene dimerization. The same reaction for styrene is reported ) and sulfated titania and alumina containing 8 % H 2 SO 4 on alumina and titania [41] . All organic reactants, sulfuric, trifluoromethanesulfuric and trifluoroacetic acids were supplied by Aldrich.
Calibration of the test reaction method
Test reactions were carried out in the presence of catalysts of estimated acid strength. These were acid solutions whose acid strength had earlier been measured and reported: water-sulfuric acid [50, 51] and trifluoroacetic acid-trifluoromethanesulfuric acid (TFA-TFMSA) [52] . This enabled the application of acids of strength in the -5 to -14.1 H O unit range. Catalytic activity measurements were carried out under ambient conditions (303 K, Mini Incubator 4010, GLF; shaking: 60 rpm, Shaker DOS-20S Elmi Ltd) in a batch reactor using the following procedure. The catalyst was a solid carrier in which an acid solution had been deposited in the pore system while the reactant was a liquid. The carrier, usually SiO 2 (0.125 g) was placed in the vial equipped with a screw closure, soaked by the incipient wetness method with an acid of known acid strength (0.25 cm 3 ), then the reactant (1 cm 3 ) was introduced. The organic phase was separated, neutralized after 2 or 24 h with 5 % NaHCO 3 solution and then analyzed. When 3-methylpentane was used as a reactant (0.05 cm 3 ), it immediately vaporized upon injection and gaseous samples were taken for analysis.
In the case of cyclohexene and alkenylaromatics, especially styrene, it was observed that the rate of increase of the concentration of the products was not proportional to the rate of decrease of substrate concentration. The formation of a surface oligomer, which did not desorb under the adopted reaction conditions could be responsible for this phenomenon. In order to estimate correct cyclohexene and alkenylaromatics to oligomer transformation, a known amount of an inert compound-heptane serving as an internal standard was added to it. Total alkenylaromatics conversion (including oligomerization) was calculated according to the following formula:
ð9Þ are ratios of GC peaks areas for substrate and internal standard at beginning of the reaction and at reaction time equal to s.
Acid strength measurements
The solid acid like silica-alumina, zeolite, sulfate oxides or alumina (0.5 g) was placed in a glass batch reactor (76 cm 
Results

Calibration of the test reaction method
The test reaction method, in order to be quantitative, has to correlate the acid strength of a catalyst with the ability to activate a particular reactant molecule to The calibration procedure adopted for the chosen test reactions allowed for a correlation between the commencement of the reaction and the acid strength of acid catalyst required for it to initiate. The results obtained at room temperature (303 K) for two test reactants, which differ substantially in proton affinity (PA) i.e. amethylstyrene and tert-butylbenzene are gathered in Fig. 3 (Fig. 1) . The more basic a-methylstyrene (PA equals to 859 kJ mol -1 [53] ) underwent reaction at a lower catalyst acid strength than tert-butylbenzene (PA equals to 792 kJ mol -1 [54] ). Therefore, this confirms the relation between catalyst acid strength and conversion in the test reactions.
Validation of chosen test reactions
The reactions of a-methylstyrene, styrene, 2,4-diphenyl-4-methyl-1-pentene in heptane, and 4-phenyl-1-butene were performed with a well-known solid acidAmberlyst XN-1010 at 303 K in a batch reactor (Fig. 4) .
In these experiments, the reactant transformations were followed by long time (up to 7 days i.e. -168 h). a-Methylstyrene underwent fast dimerization attaining nearly total conversion after 24 h. Styrene also reacted with dimer formation but after 3 days of reaction obtained products became so viscous that it was very difficult to analyze the sample. If styrene was used as a reactant in heptane solution, the reaction became easy to follow even for high conversion level. It can be better seen if one analyzes the correlation between styrene conversion and acid strength of the catalysts used (Fig. 5) .
In the presence of catalysts of acid strength H O [ -6.2, the reaction practically was not observed. But when catalyst acidity exceeded 6.8 H O units, the reaction begun to proceed giving oligomeric products forming a very viscous gel-like phase. In such a case, it was impossible to find a reliable value for H O min. The use of styrene solutions in heptane (10, 30 and 50 %) allowed to slow down the rate of difficult to choose a conversion above which one can deduce that a test reaction begin to proceed. For example, a typical result of the calibration procedure is presented in Fig. 3 . Curve 1 depicts a relation between a-methylstyrene conversion products (mostly dimers and trimers) and the acid strength H O of the catalysts. The presented curve (1) was obtained using nonlinear regression fit of experimental data using b-spline function. It begins to rise above the abscissa when the acid strength of catalyst is between -2.5 and -3.5 H O units. This is easier to see when one analyzes the shape of the first derivative of the conversion (
) (curve 3). Above -3.3 H O units, the first derivative a 0 begins to rise noticeably indicating that the reaction has actually started (conversion level reached about 0.6 %). A careful examination of presented relations allow to conclude that there is no unique and objective H O value, which separate the acid strength region of zero or nearly zero conversion zone from the reaction one. In the case of butane transformation as a test reaction, 0.1 % conversion was reported as a positive result [55] , while in the other work [37] , a considerably higher conversion (0.8 %) for the heptane test reaction was interpreted as a lack of transformation. In our work, we arbitrarily assumed that a reaction begins at H O min when a 0 become higher than zero and the conversion attains the value of 0.5-1.0 %.
H O min measurements
The values of minimal acid strengths (H O min) necessary for the initiation of test reactions are presented in Table 2 .
They correspond to substrate conversion ranged between 0.5 and 1.0. A similar value (0.5 %) of isobutane conversion was used by Hall [10] and Fraenkel [19] for acid strength measurements.
a-Methylstyrene was the most reactive of all the studied alkenes. It underwent dimerization when the value of the catalyst acid strength attained H O = -3.3. The remaining alkenylaromatics and cyclohexene began to react at catalyst acidity values higher than: -5.3 (styrene), -6.9 (2,4-diphenyl-4-methyl-1-pentene), -7.8 (cyclohexene) and -7.9 (4-phenyl-1-butene). Oligomerization and double bond 2,4-Phenyl-4-methyl-1-pentene -6.9 -6.9
Cyclohexene -7.8
4-Phenyl-1-butene -7.9 -7.9
tert-butylbenzene -10.8
Cumene -11.5
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The observed reactivity sequence of:
is in agreement with the stability of migrating alkyl carbenium ions [11] as well as the values of respective proton affinities (numbers in parentheses expressed in kJ mol -1 ) [54] .
Acid strength measurements
After calibration, the test reaction method was applied to study the acid strength of solid catalysts of known acid-base properties: Brønsted acids like amorphous silicaaluminas ( catalyzed the reactions of a-methylstyrene, styrene, 2,4-diphenyl-4-methyl-1-pentene and 4-phenyl-1-butene. tert-Butylbenzene was not able to react in their presence. This indicated that the catalysts possessed Brønsted centers of acid strength -10.8 \ H O B -7.9. The low conversion observed for the one of the most basic reagent i.e. styrene for the zeolites may be caused by the blocking of the micropore structure by styrene oligomers-coke precursors.
The above conclusions confirm that the test reaction method allows an approximate evaluation of the catalyst acid strength and can be used to study the acid properties of sulfated oxides. The latter catalyzed the reactions of all alkenylaromatic substrates as well as that of tert-butylbenzene. This indicates that disproportionation reactions catalyzed by Brønsted acid centers have most probably taken place. Al 2 O 3 /SO 4 2-and TiO 2 /SO 4 2-can therefore be said to possess Brønsted acid centers of acid strength H O B -10.8. On the other hand, the lack of cumene transformation products limits the acid strength of these solids to H O [ -11.5. The method based on the results of several test reactions performed in the presence of acid solutions of strictly defined acid strength (H O ). In the presence of acid catalysts, alkenyl-and alkylaromatics undergo numerous transformations i.e. isomerization, oligomerization and disproportionation reactions. All reactions begin with the protonation of the reacting molecule. This reaction step can take place only if the acid strength of the catalyst is high enough to assure proton transfer from a catalyst to the reactant.
The obtained results (Figs. 3 and 4) prove that it is possible to find the minimal acid strength of a catalyst (H O min) at which a particular test reaction begins to proceed at given conditions (batch reactor, temperature and reaction time). A prolonged reaction time (24 h) assured that even if a reaction rate is diffusion controlled the reaction products can be observed.
It is interesting to compare the obtained values of H O min with those presented in the Table 1 . The latter give acid strength values of the catalyst solutions at which the reactions were performed at laboratory scale in order to synthesize the specific products. For example, the a-methylstyrene dimer can be prepared in the presence of sulfuric acid of H O = -2.2 at reflux temperature while at ambient temperature the reaction needs the catalyst of higher acid strength namely H O min = -3.3. Double bond activation in alkenes (isomerization) was reported to occur in the presence of the catalysts of -9.98 \ H O \ -4.9 at close to ambient temperatures, while our results reveal that the minimal acid strength needed for alkenylaromatics double-bond isomerization should be equal to -6.9 and -7.8 H O units (isomerization of 2,4-diphenyl-4-methyl-1-pentene and 4-phenyl-1-butene). tert-Butylbenzene aromatic ring protonation (di-tert-butylbenzene isomerization) was performed in the presence of BF 3 -HF catalyst at 348 and 193 K. The acid strength of this system is reported to be close to -15 H O units at ambient temperature. We were able to precise H O min values for tert-butylbenzene reactions as -10.8. The results discussed above indicate that obtained values of H O min for the test reactions are coherent with the reported data.
These findings allowed to propose an acidity scale which links the test reaction results of a-methylstyrene, styrene, 2,4-diphenyl-4-methyl-1-pentene, 4-phenyl-1-butene, cyclohexene, cumene, sec-butylbenzene and tert-butylbenzene transformations to respective values of acid strength expressed in H O units (Scheme 1).
It is necessary to point out that the results of the test reactions can be treated as a color change resulting of Hammett indicators adsorption. The experimental fact that the test reaction characterized by H O min proceeds (conversion exceeding *0.5-1.0 % after 24 h, reaction products originating from protonated reactant molecule) in the presence of any catalyst studied suggests that apparent catalyst acid strength H O is equal or higher than H O min.
The main advantage of the application of the test reaction method is the possibility to express acid strength of different solids in the same units as acid solutions. On the other hand, there are some disadvantages. When the conversion of a test reactant is low (close to 1.0 %), it is necessary to extend the reaction time beyond 24 h to make sure if a catalytic reaction actually took place. It can be illustrated for tert-butylbenzene transformation initiated by two catalytic systems i.e. possessing acid strength H O equal to -14 and -10.8 (Fig. 6) . The catalysts were prepared using TFMSA and TFMSA-TFA acids as active phases. The results indicate that if acid strength of the catalyst is considerably higher than H O min (-14 for example), the reaction proceeds giving disproportionation products with high conversion.
On the other hand, if the acid strength is close to H O min, the conversion is low but it rises continuously with the reaction time. Though if acid strength is lower than H O min, a test reaction cannot be initiated regardless of reaction time. The last case is illustrated with the results of cumene reaction over TiO 2 /SO 4 2-catalyst (Fig. 5 ). The lack of acid catalyzed reaction products even after 47 h indicate that acid strength of this catalyst is indeed lower than H O min for cumene.
The proposed method was subsequently applied to study acid properties of wellknown solid acids such as alumina, Amberlyst resin (XN-1010), silica-aluminas 4 2-is characterized by the presence of strong protic sites. These sites can catalyze not only all alkenylaromatics used as well as cyclohexene transformation (23.1-92.0 %) but also the disproportionation of tert-butylbenzene at 298 K (4.5 %). Cumene did not undergo disproportionation/dealkylation reactions under the applied conditions. Thus, the acid strength of sulfated alumina with H 2 SO 4 content equal to 8 % attains the level of -11. The results of acid strength measurements for sulfated oxides studied are gathered in the On the basis of our results, both sulfated oxides cannot be classified as superacids though they catalyze pentane isomerization at ambient temperature [41] . However, they possess strong protic sites (-11.5 \ H O B -10.8). SO 3 H groups bonded to polystyrene chain (Amberlyst) were less acidic than that existing on sulfated oxides surfaces. Their acid strength ranged between -7.9 and -7.8 H O units.
Conclusions
The studies confirm that the test reaction method is a reliable and effective way to measure the acid strength of solids. The minimal acid strength (H O min) required for a particular test reaction to take place (in brackets) at 296 K is as follows: In view of these results, sulfated alumina and titania cannot be considered as superacids.
